The encapsulation of bismuth as BiOCl/Bi 2 O 3 within ultra-short (ca. 50 nm) single-walled carbon nanocapsules (US-tubes) has been achieved. The Bi@US-tubes have been characterized by highresolution transmission electron microscopy (HR-TEM), energy-dispersive X-ray spectroscopy (EDS), thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy. Bi@US-tubes have been used for intracellular labeling of pig bone marrow-derived mesenchymal stem cells (MSCs) to show high X-ray contrast in computed tomography (CT) cellular imaging for the first time. The relatively high contrast is achieved with low bismuth loading (2.66% by weight) within the US-tubes and without compromising cell viability. X-ray CT imaging of Bi@US-tubes-labeled MSCs showed a nearly two-fold increase in contrast enhancement when compared to unlabeled MSCs in a 100 kV CT clinical scanner. The CT signal enhancement from the Bi@US-tubes is 500 times greater than polymer-coated Bi 2 S 3 nanoparticles and several-fold that of any clinical iodinated contrast agent (CA) at the same concentration. Our findings suggest that the Bi@US-tubes can be used as a potential new class of X-ray CT agent for stem cell labeling and possibly in vivo tracking.
Introduction
Stem cell-based therapies represent a promising future for regenerative medicine. Imaging techniques provide a means for non-invasive monitoring and tracking of in vivo transplanted stem cells. 1, 2 X-ray computed tomography (CT) is the most frequently used diagnostic imaging technology in the clinic to detect a wide range of diseases, including cancer. CT contrast agents (CAs) are generally administered to increase visibility of vasculature and tissues in the body, and their concentration is proportional to the CT signal attenuation. 3 Xray attenuation of each voxel is measured in Hounsfield units (HU) with a scale defined from values of air and water, respectively, fixed at 1000 and 0 HU. Micro-computed tomography (micro-CT) has emerged in recent years as a powerful and non-invasive preclinical imaging tool used to establish high-resolution images, with isotropic voxels in typical scan times ranging from minutes to tenths of minutes. 4, 5 At present, CT is not considered to be a cellular imaging modality due to the lack of CAs that are either cellpermeable or surface-modified, so that they can bind selectively to receptors on the cell exterior.
Currently-approved CT contrast agents for clinical use are iodinated compounds that dominated the biomedical field due to their effective X-rays attenuation, versatile synthetic chemistry, water solubility, and excellent body tolerance. 6, 7 However, their non-specific distribution and rapid pharmacokinetics have limited their vascular and targeting performance. 8 Iodinated blood pool CAs of low molecular weights require rapid CT image acquisitions due to their rapid clearance through the kidneys. 9 Several approaches have been reported which describe the encapsulation of water-soluble iodinated CAs (e.g., Iopamidol, Lipiodol, and Iopromide) into polymeric and lipid nanoparticulate systems. [10] [11] [12] [13] However, such nanoparticulate systems have shown a limited encapsulation efficiency which requires an excess concentration of phospholipids dissolved in high volume of alcohols, which is removed only by dialysis.
The insensitivity of X-ray based imaging techniques requires the development of nanoparticle-based CAs with very high radio-opaque densities, while maintaining particle integrity on the shelf and in circulation. Heavy metals have high toxicities in their free form; therefore, bio-elimination is an important pre-requisite consideration in the design of CT metal-containing agents. Metal-based nanoparticles with relatively long circulation times, such as gold (Au), 14, 15 bismuth (Bi), [16] [17] [18] [19] and titanium (Ti), 20 have been considered as nontargeted blood pool CAs. The suitability of gold 14, [21] [22] [23] and bismuth sulfide (Bi 2 S 3 ) 19 nanoparticles as non-targeted X-ray CAs has been demonstrated in vivo in mice. For example, Bi 2 S 3 and Au nanoparticles exhibit blood half-lives in mice of ~ 140 minutes and 14.6 hours, respectively. 19, 23 The use of peptide-labeled Bi 2 S 3 nanoparticle 24 and bismuthloaded NanoK 25 for in vitro and in vivo targeted CT imaging have also been recently investigated. Although these nanoparticles exhibit long circulation times and excellent imaging efficacies, most of them possess particle sizes larger than the normal renal filtration threshold, due to the high amount of metal that needs to be clustered to overcome the inherent insensivity of the modality, and thus their in vivo stability remains unclear. 26 The use of bismuth as a molecular probe for X-ray CT imaging offers advantages over conventional iodine-based agents. Because of its higher atomic number and electron density, bismuth (Z = 83) should have a greater X-ray attenuation intensity than iodine (Z = 53). Bismuth is also considered to be relatively non-toxic and has been used in cosmetics and medical applications. 27, 28 It is possible that the encapsulation of bismuth within carbon nanotubes, and more specifically ultra-short carbon nanocapsules (US-tubes) derived from single-walled carbon nanotubes (SWNTs), has the potential to overcome many of the limitations for CT CAs in a manner similar to the encapsulation of Gd 3+ ions within UStubes that produced the high-performance MRI CAs called Gadonanotubes (GNTs). 29, 30 SWNTs have many unique mechanical, electronic, and optical properties that are potentially useful in medicine, and there is currently an intense research effort to develop biomedical applications for this material, particularly for the treatment and diagnosis of cancer. [31] [32] [33] UStubes with 20-80 nm in length and ca. 1.4 nm in diameter have shown to be suitable candidates for biomedical applications involving cellular uptake and eventual elimination from the body. 34, 35 In particular, they offer a convenient platform for encapsulating metal ions and small molecules, and potentially targeting them with peptides or antibodies for biomedical applications with exterior sidewall derivatization. [36] [37] [38] In fact, we have previously used US-tubes to successfully encapsulate different materials of medical interest, such as cisplatin as a cancer therapeutic, 39 I 2 molecules for X-ray imaging, 40 211 AtCl molecules for -radiotherapy, 41 nitroxide radicals as spin labels for MRI and EPRI, 42 and Gd 3+ ions for MR imaging. 29, 30, 43 Recently, Tran, et al. confirmed the cellular uptake of GNTs in MSCs without compromising cell viability, differentiation potential, proliferation pattern, or cell phenotype. 43 Taking advantage of this previous work, we now propose to utilize US-tubes to encapsulate and transport Bi 3+ ions as a promising new CT CA for the internal labeling and in vivo tracking of stem cells. Thus, we present the preparation, in vitro characterization, and performance of the Bi@US-tubes as a new CA for X-ray imaging applications.
Experimental

Materials
Bismuth(III) chloride (BiCl 3 ) was obtained from Alfa Aesar. Bismuth(III) oxychloride (BiOCl) and bismuth(III) oxide (Bi 2 O 3 ) were obtained from Aldrich Chemical Company. Full-length SWNTs were purchased from Carbon Solutions, Inc., CA, USA. Pluronic® F-108 NF was obtained from BASF. Tetrahydrofuran (THF) was dried prior to its use. All other reagents were of high purity grade and were used without further purification.
Preparation of US-tubes
Full-length SWNTs produced by the electric-arc discharge method were cut into US-tubes by fluorination and pyrolysis at 1000 °C under argon atmosphere. 44 The cutting process reduced the amount of Ni and Y catalyst impurities to < 3%, while creating defect sites in the US-tube sidewalls. These defect sites allow for the loading of ions and molecules into the interior of the US-tubes. 29 US-tubes were purified by hydrochloric acid (HCl) reflux using a Soxhlet extractor with a Wilmad glass fine frit to remove amorphous carbon and metal catalyst impurities and debundled by chemical reduction using Na 0 /THF to produce individualized US-tubes prior to loading with BiCl 3 (see below). 38 The US-tubes were collected by filtration, washed multiple times with deionized (DI) water, and dried at 120°C between each step described above.
Encapsulation of Bismuth within US-tubes
BiCl 3 (15 mg) was first dissolved in 15 mL of HPLC water (pH 5.5) in a scintillation vial to produce an opaque white solution, due to the formation of BiOCl (Supporting Information, Figure 1S ). Concentrated HCl was added dropwise to the solution with vigorous stirring until the color changed from white to colorless. 15 mg of US-tubes were added to the solution and then sonicated for 1 hour. The solution was left undisturbed for 24 hours to produce the Bi@US-tubes material. The supernatant solution was removed by decantation. The Bi@US-tubes were collected by filtration, washed with abundant diluted 1M HCl solution to remove surface adsorbed bismuth ions, and then with abundant DI water (pH 5.5). The resulting Bi@US-tube sample was then dried at 120 °C.
Characterization of the Bi@US-tubes
High-resolution transmission electron microscopy (HR-TEM) studies were performed using a JEOL 2000 FX microscope equipped with an energy-dispersive spectrometer (EDS) operated at 200 kV. Precautions were taken to minimize structural changes in the sample caused by electron beam heating effects. One such precaution was the use of a cold sample stage which kept the sample temperature in the range of −70 °C to −50 °C. The HR-TEM samples were prepared by placing a small amount of Bi@US-tubes on a copper grid coated with amorphous carbon holey film. No solvents were used during the procedure. Thermogravimetric analysis (TGA) was performed using a TA instrument Q600. The measurements were carried out with a heating rate of 10 °C min −1 from 50 to 800 °C under a flow of argon (100 mL min −1 ). X-ray photoelectron spectroscopy (XPS) was performed on a PHI Quantera SXM spectrometer equipped with an Al K radiation source (1486.6 eV). Samples were prepared by pressing them into indium foil. Raman spectroscopy was performed using a Renishaw inVia Raman Microscope operated with a 633 nm laser and 1800 l/mm grating. ICP-OES analyses were performed by a PerkinElmer Optima 4300 DV inductively-coupled plasma optical emission spectrometer. Bi 3+ -ion concentration was detected at 223.061 nm, while Y 3+ -ion was detected at 371.029 nm and used as the internal drift standard. ICP-OES samples were prepared by digesting the Bi@US-tubes in a scintillation vial with 500 L of 26% HClO 3 until the solution had evaporated to dryness. After digestion, samples were washed with a small amount of 2% HNO 3 and transferred quantitatively to a 10 mL volumetric flask. Solutions of unlabeled and labeled cells were passed through a Millipore (Millex-MP) 0.22 m filter prior to analysis. Five scans were performed for each sample, and the concentration determined from the average of scans.
Preparation of the Bi@US-tubes stock solution
Stock solution was made by suspending dry Bi@US-tubes in 0.17% (w/v) Pluronic® F-108 NF via probe sonication for 6 min, followed by centrifugation at 3200 rpm for 10 min to remove any unsuspended Bi@US-tubes. Pluronic® F-108 NF is a non-charged, noncytotoxic surfactant that is commonly used to suspend carbon nanotube materials for in vitro and in vivo testing. 43 The stability of the Bi@US-tubes suspension was examined by enclosing 10 mL of the Bi@US-tubes suspension inside a dialysis membrane (Slide-ALyzer Dialysis Cassette; 20,000 MW) cylinder, which was immersed in buffer solutions (PBS = phosphate-buffered saline, 6.7 mM PBS, pH = 7; EDTA = ethylenediaminetetraacetic acid, 6.7 mM PBS in 0.01 mM EDTA) at 37 °C for one week. Samples in triplicate were obtained from the dialysis-membrane cylinder at different time points (0, 3, 6, 24, 72, and 168 hours) to determine the Bi concentration by ICP-OES. For the cell labeling studies, the Bi 3+ ion concentration of the stock solution was maintained from 60 to 66 M, as confirmed by ICP-OES. Prior to their addition to cell cultures, stock solution was sterilized under UV light for 3 h.
Cell culture and cell-labeling experiments
MSCs were harvested and isolated from the bone marrow of male pigs, as previously reported. 43, 45 MSCs were expanded in two successive passages at 20 × 10 3 cells/cm 2 . Cells in the second passage (P2) were frozen in cryovials and then thawed and expanded (P3) prior to labeling. Cell cultures were incubated at 37 °C (95% relative humidity in 5% CO 2 ). MSCs were grown and maintained in alpha essential medium ( MEM) containing 10% fetal bovine serum (FBS) and 1% antibiotic supplement (200 mM L-glutamine, 10,000 units/mL penicillin, and 10 mg/mL streptomycin). All labeling studies were performed with P3 MSCs. Previous experimental assessments carried out with GNTs as magnetic nanolabels demonstrated that around 25 M is an optimal concentration for labeling MSCs. 43 Thus, MSCs were labeled with Bi@US-tubes (24 M Bi 3+ from the Stock Solution). After 24 h, the cells were washed with phosphate buffered saline (1xPBS) three times and exposed to trypsin-EDTA for 5 mins. The cell suspension of Bi@US-tubes-labeled MSCs in MEM was then passed through a 70 m nylon filter and transferred to centrifuge tubes. A density gradient centrifugation technique was performed to isolate Bi@US-tubes-labeled MSCs from the excess of Bi@US-tubes in solution. Histopaque®-1077 (Sigma-Aldrich) was slowly added in a 1:2 volume ratio (Histopaque:cells) to the bottom of the tube and centrifuged at 400 × g for 20 min. The extracted cells were washed twice with MEM and centrifuged at 1500 rpm for 10 min. Control and labeled cells were counted (Beckman Coulter MultiSizer 3) and prepared for ICP-OES analysis.
Cell viability studies
A LIVE/DEAD viability/cytotoxicity assay kit (Invitrogen) was used to determine the viability of the Bi@US-tubes-labeled cells. Positive controls (unlabeled MSCs) and negative controls (unlabeled MSCs treated with 70% methanol for 20 min) were also evaluated. A green fluorescence was observed when calcein AM is cleaved by esterase activity in viable cells, whereas a red fluorescence was observed from ethidium homodimer-1 (EthD-1) which only enters cells with a compromised cellular membrane. Both LIVE/DEAD reagents were added to the cell samples and incubated in the dark for 30 min at room temperature. Typical analyses contained approximately 5 × 10 5 cells per sample. Fluorescence-activated cell sorting (FACS) analysis was performed using a BD Excalibur Flow Cytometer.
Statistical Analysis
Statistical significance was determined by ANOVA analysis. The equality of mean response (viability) between replicate populations (n = 3) of Bi@US-tubes-labeled MSCs and unlabeled MSCs was tested using one-way analysis of variance (ANOVA, = 0.05 and Tukey test). The null hypothesis is that the average fraction of viable cells between the labeled samples and the controls are equal.
Micro CT imaging studies
Micro-CT analysis was performed using a microcomputed tomography Skyscan 1172 scanner. The samples were imaged at a beam voltage of 100 kV, beam current of 100 mA, with a 1280×1024 camera resolution, a 1.0 mm aluminum filter, and the scanning resolution set to 10 microns per pixel. Each scan was performed at 180 degrees, with 0.7 degrees per rotation, a frame averaging of 4, and random camera movement set to 10. The reconstruction of these images into bmp files was performed by NReconversion 1.6 (Skyscan software). All samples were reconstructed with the following parameters: smoothing = 5, ring artifact reduction = 5, beam hardening correction = 30%, and thresholdings from 0 to 0.2207. All analyses were performed with Skyscan's CTAn software, version 1.6. Empty US-tubes and Bi@US-tubes (5 mg each) were packed in separate tygon tube sample holders and analyzed for mean HU values. The empty tygon tube holder was used to calibrate the instrument for the sample response.
X-Ray CT imaging studies
Unlabeled and Bi@US-tubes-labeled MSCs pellets (30 × 10 6 MSCs/pellet) in 1 mL 1xPBS) were imaged with a Siemens SOMATOM Sensation-64 clinical CT scanner (Siemens Medical Systems, Forchheim, Germany). In order to image high resolution data, a ECGgated coronary protocol with the following acquisition parameters were used: X-ray tube potential = 100 kV, effective tube current of 600mA, slice collimation = 64 × 0.6 mm 2 , pitch = 0.18 (rate was set at 60 beats per min), reconstructed using a B25f smooth kernel with slice thickness of 0.75 mm with 50% overlap. For quantitative analysis of the CT images, the densities were measured in regions of interest (ROI) expressed in Hounsfield units (HU = 1,000 (k tissue -k water ) / k water ), where k is the specific absorption. Radiodensity values were the average measured for axial, sagittal, and coronal views. Images were analyzed using Osirix v. 3.0.1 32 bit.
Results and Discussion
Characterization of Bi@US-tubes
Bi@US-tubes are nanoscale carbon capsules (derived from full-length single-walled carbon nanotubes) with a length of 20-80 nm and diameter of ~ 1.4 nm, which are internally loaded with Bi 3+ -ions (as BiCl 3 ) as a new CT CA material. Subsequent work up of the resulting BiCl 3 @US-tubes material using pH 5.5 HPLC water, produces a BiOCl/Bi 2 O 3 -like precipitate within the US-tubes to yield a final material that is called Bi@US-tubes in this work. Figure 1 shows a summary for the synthesis of the Bi@US-tubes and their application as a new X-ray CT CA agent for stem cell labeling and tracking.
Bi 3+ -ion loading occurs through the sidewall defects or the end of tube openings created during the SWNT cutting procedure (see Experimental Section). The bismuth content inside the US-tubes (Bi 2.66 % by weight) was determined by ICP-OES performed in-house and confirmed by a commercial laboratory (Galbraith Labs, Inc. Nashville, Tenn., USA), with agreement within 0.6%. Preparation of the Bi@US-tubes was accomplished by suspending US-tubes in an aqueous bismuth chloride solution in a scintillation vial under acidic conditions for 24 hours (see Experimental Section for details and Supporting Information, Figures 1S ). The material was characterized by HR-TEM, EDS, TGA, XPS, and Raman spectroscopy. To determine the stability of the Bi@US-tubes in a biologically-relevant environment, dialysis studies in different media such as phosphate-buffered saline (PBS) and ethylenediaminetetraacetic acid (EDTA) at 37 °C were performed. Suspensions of Bi@US-tubes in 0.17% Pluronic® F-108 NF showed excellent stability in both media for over 168 hours, with more than 90% of the bismuth remaining within the nanocapsules (Supporting Information, Figure 2S ).
To confirm the encapsulation of bismuth as BiOCl/Bi 2 O 3 within the US-tubes, HR-TEM and EDS studies of the Bi@US-tubes sample were conducted (Figure 2) . The HR-TEM image (inset) confirms the presence of small Bi 3+ -ion-containing clusters observed as dark spots (designated by arrows) along the length of bundled US-tubes. The EDS spectrum exhibited the chemical composition of the Bi@US-tubes, revealing the presence of carbon and nickel (metal catalyst) from the US-tube nanocapsules, copper (from the TEM grid), and bismuth, oxygen, and chloride (from the Bi 3+ -ion clusters). The Bi, O, and Cl energy (keV) peaks are in good agreement with previous reports of bismuth compounds. [46] [47] [48] [49] EDS data shows a 1:1 (Bi:Cl) atomic ratio in the sample which is the same ratio as obtained by XPS. We could not use oxygen atomic percentages for a more detailed characterization of the bismuth-ion clusters because the US-tubes also likely to retain water molecules confined in their interior space. 50 For this reason, we have simply used Bi@US-tubes through the manuscript as the abbreviation for the material. This abbreviation parallels that used previously for the Gd 3+ -ion-loaded gadonanotubes (i.e. Gd@US-tubes). 29 Figure 3 shows the TGA curves of BiOCl, Bi 2 O 3 , US-tubes, and Bi@US-tubes under argon atmosphere. The TGA curve of Bi 2 O 3 is stable over the entire temperature range. 51 In contrast, the TGA curve of BiOCl starts to lose weight at a temperature as high as 610 °C, due to the decomposition of BiOCl into bismuth monoxide (BiO) and chlorine gas (Cl 2 ). 48, 51, 52 US-tubes showed a 1% weight loss from 50-100 °C, probably due to a small amount of residual water in the US-tube sample and did not show any further weight loss until over 250 °C. Only a 12% weight loss for the US-tubes was observed over the entire 250-800 °C range. The TGA behavior of the Bi@US-tube sample shows three weight loss steps. The first weight loss occurred over 150 to 450 °C probably due to the loss of BiCl 3 ·H 2 O and BiCl x (x = 1, 2, 3) species; the second weight loss between 450 to 650 °C is attributed to the decomposition of Bi(OH) 2 Cl; and the third weight loss at 610 °C is due to the decomposition of BiOCl. 48, 52, 53 Overall, the Bi@US-tubes displayed approximately a 14% weight loss by 750 °C, suggesting a slow release/decomposition of the Bi 3+ -ion species from the US-tubes.
In order to assess the oxidation state of bismuth after encapsulation within the US-tubes, XPS measurements in the Bi 4f spectral region for the Bi@US-tubes, BiOCl, and Bi 2 O 3 materials were performed (Figure 4) . Table 1 shows the binding energies of the Bi 4f core level for the three bismuth materials. The XPS spectrum of Bi@US-tubes displays the Bi 4f 7/2 and 4f 5/2 peaks at 160.0 and 165.4 eV binding energies, respectively. The separation between Bi 4f 7/2 and 4f 5/2 peaks is 5.4 eV. The binding energies for the Bi@US-tubes are similar to the values obtained for the BiOCl, and Bi 2 O 3 materials. [54] [55] [56] [57] These results support a Bi 3+ oxidation state for bismuth within the Bi@US-tubes. Figure 5 shows Raman spectra of the US-tubes and Bi@US-tube samples. The G-, D-, and radial breathing modes (RBM) of the US-tubes are shown to be sensitive to encapsulation of bismuth ions within the US-tubes. US-tubes displayed well-known characteristic Raman peaks with RBM at ~132, 145, and 156 cm −1 , and with D-and G-bands located at ~1,316 and 1,577 cm −1 , respectively. 44, 58 As denoted by an asterisk in the Bi@US-tubes spectrum, the G-band showed the formation of a shoulder ~1,555 cm −1 ( Figure 5b ) and RBM peaks at 125 and 161 cm −1 with a broad tailing until 275 cm −1 (Figure 5c ). A similar behavior has been observed for the encapsulation of ions and/or organic molecules in SWNTs. 42, 59, 60 Compared to our previous findings for the encapsulation of nitroxide radicals within the UStubes (Tempo-and Iodo-Tempo@US-tubes), 42 the G-band shoulder and RBM peaks of the Bi@US-tubes (Figure 5b and 5c ) are less intense due to the presence of Bi 3+ ions than for organic molecules within the US-tubes. The peak at 125 cm −1 and the broad tail from 170 to 275 cm −1 in the RBM region are in good agreement with Bi-Cl and Bi-O vibration modes, 46, [61] [62] [63] [64] [65] suggesting the presence of Bi 3+ -ion clusters within the US-tube.
Cell culture labeling and cytotoxicity studies
The clinical application of many of CAs are limited by their toxicity. Figure 6 shows the cell viability of unlabeled MSCs and Bi@US-tubes-labeled MSCs plotted from the fluorescence intensities of Calcein AM and EthD-1 using FACS analysis. Unlabeled MSCs controls show that more than 98% of the viable cells were calcein-positive. Cell viability showed no statistically significant difference (P < 0.05) between controls and labeled cell populations. MSCs were successfully labeled with the Bi@US-tubes (24 M Bi 3+ ions), which delivered 506 ng / 30 million cells or approximately 0.5 × 10 8 Bi 3+ ions per cell, without affecting cell viability for 24 hours (99% based on Calcein AM from LIVE/DEAD assay).
Recently, Barnett et al. reported the encapsulation of bismuth into alginate-poly-L-lysinealginate microcapsules (Bi X-Caps) as vehicles for therapeutic drug and cell delivery. 66 Each Bi X-Caps contains around 2.87 to 3.23 ng / islet per cell transplantation procedure for in vitro and in vivo X-ray tracking. Assuming that each islet contained around 1000 cells per islet, Bi@US-tubes contain a 160-190 times lower bismuth concentration for labeling the same amount of cells compared to the Bi X-Caps, avoiding potential toxicity and differentiation pathway issues due to high payload of CA in labeled stem cells. In addition, our results are in good agreement with previous reports for labeling concentration and cellular uptake of Gadonanotubes (GNTs) and Gadofullerenes as magnetic nanolabels. 43, 67 Since acceptable toxicity profiles have been reported for bismuth subsalicylate (PeptoBismol®) that is typically administered orally in several grams per day, 27 free Bi 3+ -ions in cells (LD 50 = 5 mM for hepatocytes and 8 mM for macrophages), 19 Bi(NO 3 ) 3 ·5H 2 O in rats (LD 50 = 4042 mg / Kg), 68 and for US-tubes in Swiss mice (Dose Level = 1000 mg / Kg), 35 we do not anticipate potential toxicity issues for applications in labeling and tracking stem cells, experimental small-animal, and clinical imaging. Nevertheless, additional studies are currently underway to fully assess the safety profile of Bi@US-tubes CAs.
Micro-CT and X-ray CT imaging
Finally, we have conducted phantom imaging studies for the Bi@US-tubes using micro-CT and a clinical X-ray CT scanner to evaluate their potential use as CT CAs. Figure 7 shows the micro-CT imaging from powders of empty US-tubes and Bi@US-tubes. As seen in the figure, the encapsulation of bismuth ions within US-tubes produces a significant opacity enhancement in comparison with empty US-tubes. Radiodensities of the empty US-tubes and Bi@US-tubes are 9.8 ± 1.1 HU and 12.0 ± 0.2 HU, respectively. The empty tygon tube holder exhibited an attenuation value of −977.9 ± 0.3 HU. The attenuation effect from the Bi@US-tubes is 1.2 times greater than for empty US-tubes. 69 It is important to mention that the attenuation properties of a sample are energyand material-dependent. For example, different body tissues attenuate an X-ray beam to different extents depending on the density of the specific tissue. Bi@US-tubes-labeled MSCs have a greater attenuation value in comparison to fat (−130 to −70 HU), fluids (0 to 30 HU depending on their contents), and also muscle, kidneys, liver, and soft-tissue tumors (30 to 60 HU). 7, 70, 71 The radiodensity values obtained from suspensions of the Bi@US-tubes in 0.17% Pluronic® F-108 NF (46.7 HU) and Bi@US-tubes-labeled MSCs (110.1 HU) are equivalent to that of about 21.6 and 50.9 mM iodine CA (2.36 M Iopromide, 300 mg I mL −1 ) 19 (Supporting Information, Figure 3S ), respectively. Our results suggest that the Bi@US-tubes attenuation values are 2120 times greater than the iodinated based CA at the same concentration. Compared to previous reports of other CT CAs, Bi@US-tubes-labeled MSCs used 40-1000 times less bismuth concentration (mg / mL) to achieve significant contrast enhancement (~110 HU) compared to polymer-coated bismuth nanoparticles, 17, 19, 25, 72, 73 and clinical blood-pool iodinated-based CAs that require high payloads of iodine and large volumes for efficient contrast. 10, 74, 75 
Conclusions
Bismuth (III) ions have been successfully encapsulated within US-tubes in a form resembling BiOCl or Bi 2 O 3 . Characterization data for the Bi@US-tube material confirms the presence of Bi 3+ -ions clusters within US-tubes. Suspensions of Bi@US-tubes in 0.17% Pluronic® F-108 NF showed excellent stability in water, PBS buffer, and cell culture medium. Bi@US-tubes can be successfully internalized by MSCs without affecting cell viability, and Bi@US-tubes-labeled MSCs produced brighter CT images with a two-fold increase in contrast enhancement compared to unlabeled MSCs. In summary, we have been discovered a nanoplatform to deliver bismuth as a new class of CT CA. To our best knowledge, this is the first evidence of the use of bismuth and carbon nanotubes for this type of application. The combination of bismuth and US-tubes into a single system "Bi@US-tubes" offers a number of advantages: (i) good stability in relevant biological media; (ii) excellent intracellular accumulation in stem cells; (iii) CT cellular imaging for the first time; (iv) high contrast and sensitivity at low bismuth loading levels; (v) facile surface modification to improve their solubility, biocompatibility, and molecular targeting capabilities (e.g folic acid, RGD peptides, antibodies); (vi) multimodal imaging nanoplatform (e.g combined CT, MRI, PET, and EPRI CAs) by modifying its cargo inside or outside the nanocapsule. These unique characteristics make the Bi@US-tubes CA ideally suited for X-ray imaging applications in many fields, such as filler for bone cements, radiation-shield lightweight nanomaterials, and spectral (multicolored) CT. Current efforts are focused on exploring and extending its potential for in vivo labeling and tracking stem cells.
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